ABSTRACT We made a computational model of a single neuron to study the effect of the small conductance (SK) Ca 2ϩ -dependent K ϩ channel on spike frequency adaptation. . Science. 273:1709 -1714) caused a marked timedependent spike frequency adaptation and changed the transfer function of the neuron from linear to logarithmic. Moreover, the input range the neuron responded to with regular spiking increased by a factor of 2.2. These results can be explained by a shunt of the cell resistance caused by the activation of the SK conductance. It might turn out that the logarithmic relationships between the stimuli of some modalities (e.g., sound or light) and the perception of the stimulus intensity (Fechner's law) have a cellular basis in the involvement of SK conductances in the processing of these stimuli.
INTRODUCTION

Ca
2ϩ -dependent K ϩ channels are widely distributed in the brain. This class of K ϩ channels counteracts neuronal depolarization in a Ca 2ϩ -dependent fashion. There are at least two large subfamilies of Ca 2ϩ -dependent K ϩ channels that differ in single channel conductance, pharmacology, and most importantly, in their activation characteristics: the large conductance Ca 2ϩ -dependent K ϩ channel (BK channel) opens depending on both membrane potential and [Ca 2ϩ ] i (Barret et al., 1982; Blatz and Magleby, 1987; McManus and Magleby, 1988) whereas the small conductance (SK) Ca 2ϩ -dependent K ϩ channel is voltage-insensitive Magleby, 1986, 1987; Leinders and Vijverberg, 1992; Köhler et al., 1996) . Thus BK channels are activated during the repolarizing phase of the action potential and rapidly deactivate close to the resting potential, while SK channels stay open as long as [Ca 2ϩ ] i is sufficiently elevated.
Spike frequency adaptation is a common phenomenon throughout the nervous system (Hille, 1992) . It means that a steady stimulus current induces a firing pattern in a neuron that gradually changes from high to low frequency firing or that firing eventually stops because of increasing afterhyperpolarizations. There is accumulating evidence that the SK Ca 2ϩ -dependent K ϩ channels are responsible for afterhyperpolarizations that have been observed in many neurons, including hippocampal CA1 pyramidal cells (Lancaster and Nicoll, 1987) , layer II/III neocortical pyramidal cells (Zhou and Hablitz, 1996) , and thalamic reticular neurons (Bal and McCormick, 1993) . Because opening of SK channels depends on elevated [Ca 2ϩ ] i only, they may stay open between subsequent spikes, partially shunt the membrane resistance, and thereby delay subsequent spikes.
Spike frequency adaptation to an external stimulus is observed in most sensory systems. Sensory adaptation can be based on a variety of mechanisms among which SK channels may play a prominent role. In the olfactory system, for example, SK channels are expressed in the receptor neurons (Schild, 1989) , in mitral cells of the olfactory bulb (Wang et al., 1996) , and in pyramidal cells of the olfactory cortex (Köhler et al., 1996) .
In conjunction with the phenomenon of spike frequency adaptation, transfer functions, i.e., the relationship between input (injected current) and output (adapted spike rate) have been determined for different types of neurons. Linear transfer functions have been described for cortical neurons of the pyramidal tract (Koike et al., 1970) and for visual cortex pyramidal neurons (Mason and Larkman, 1990) . In contrast, nonlinear transfer functions with a convex (logarithmiclike) shape have been found in hippocampal CA1 pyramidal cells (Madison and Nicoll, 1984; Lanthorn et al., 1984) , in pyramidal neurons of the somatosensory cortex (Connors et al., 1988) , and in neocortical pyramidal neurons (Avoli and Olivier, 1989 ).
Here we investigate the effect of the SK conductance on the adaptation behavior of a neuron. We then determine the type of its transfer functions (steady-state spike rate and [Ca 2ϩ ] i vs. input current, respectively) in a computer model. Finally, we suggest that the activity-dependent changes in [Ca 2ϩ ] i together with the nonlinear [Ca 2ϩ ]-dependence of SK channels constitute a negative feedback system that leads to a logarithmic transfer function of single neurons.
METHODS
Simulations were performed using the NEURON simulator, version 3.1.0 (Hines, 1993 ) on a Pentium PC under LINUX. The integration time step was 25 s.
Electrotonic properties and resting membrane potential
The simplified model neuron consisted of a cylindrical soma and three cylindrical unbranched dendrites. Diameters and lengths were (in m) 9 and 14 for the soma, 1.5 and 400 for the primary dendrite, and 1 and 600 for the two identical secondary dendrites, respectively. Total membrane area amounted to 6051 m 2 and membrane capacity to 60.5 pF assuming a specific membrane capacity of 1 F/cm 2 . A small persistent K ϩ conductance underlying the resting membrane conductance (see below) was set to 1.26 10 Ϫ4 S/cm 2 for the soma and to a 10-fold lower value for the dendrites and resulted in an input resistance of 0.81 G⍀ and a time constant of 50 ms for the neuron. The cytosolic resistance was set to 35 ⍀-cm and the temperature to 20°C.
The persistent K ϩ conductance at rest set the resting membrane potential to the potassium equilibrium potential E K ϭ Ϫ95 mV. Background synaptic activity was simulated by injecting a continuous current of 35 pA into the soma that shifted the resting potential to Ϫ71 mV. Synaptic activity was generally simulated by current injection in the soma because lowpass filtering by the electrically compact dendrites could be neglected in the steady state.
Membrane conductances and Ca
2؉ -dependent mechanisms
The general approach of modeling ionic conductances was based on a Hodgkin-Huxley-type formalism (Hodgkin and Huxley, 1952) . The specific conductance g (given in S/cm 2 ) of ion species i, g i , is described by the maximum conductance g i,max times the probability of finding a certain number (p) of voltage-dependent activation gates m(U, t) open and a certain number (q) of inactivation gates h(U, t) not closed:
The current density for ion species i is
with U being the actual membrane potential and E i the equilibrium potential of ion species i. The kinetics of the state variable m is described by the first-order differential equation
In the classic Hodgkin-Huxley scheme the gate rate functions ␣ m and ␤ m can be determined by the steady-state gate opening (Destexhe et al., 1994) (Köhler et al., 1996) , respectively. The discrepancy in the K 1/2 values may be explained by the fact that I AHP (I SK ) can be inhibited by monoamine transmitters (norepinephrine, serotonin, histamine, dopamine) in a dose-dependent manner via protein kinases (Pedarzani and Storm, 1995) . As the mechanisms of SK channel phosphorylation are unknown and phosphorylation could shift the channel's [Ca 2ϩ ] i sensitivity, we chose a midpoint value K 1/2 of 2.5 M, which is between the reported values. In addition, a K 1/2 of 2.5 M corresponds well to the half-maximum activation of the SK current in hair cells (2 M [Ca 2ϩ ] i ) which was obtained by combined Ca 2ϩ imaging and patch clamp measurements (Tucker and Fettiplace, 1996) : ] o was set to 2 mM. 7. Ca 2ϩ diffusion, buffering, and extrusion by a Ca 2ϩ pump. Changes in [Ca 2ϩ ] i were accounted for only in the soma. The soma was subdivided into four concentric cylinders; only radial diffusion across these cylinders was calculated. They were filled homogenously with 250 M of a Ca 2ϩ buffer with a K d of 10 M (cf. Neher and Augustine, 1992 ) and a diffusion coefficient of 0.6 m 2 /ms (Hodgkin and Keynes, 1957 (with the rate constants k 3 and k 4 ).
The rate constants were
2 s Ϫ1 , and k 4 ϭ 5 mM Ϫ1 s
Ϫ1
. The outward current produced by the pump was taken into account for the calculation of total calcium current and membrane potential. Calculation of Ca 2ϩ diffusion, buffering, and pumping was accomplished by combining and modifying Hines' programs cadifusl.mod and cabpump.mod that came along with NEURON version 3.1.0 (Hines, 1993) .
Values for the maximum conductances used in the simulations were (S/cm 2 ): g Na,max ϭ 0.6, g Ks,max ϭ 0.0063 (soma), g Ks,max ϭ 0.00063 (dendrites), g Kf,max ϭ 0.03, g BK,max ϭ 0.1, g SK,max ϭ 0.04; maximum permeability P Ca,max ϭ 0.0002 cm/s; concentration of the Ca 2ϩ pump ϭ 10 Ϫ14 mol/cm 2 .
RESULTS
Action potential shape, [Ca 2؉ ] i , and underlying currents
With the parameters given in Material and Methods, the neuron assumed a resting potential of Ϫ71 mV. Initial [Ca 2ϩ ] i was set to 200 nM. This value decreased slightly after the onset of the simulation because of the activity of the Ca 2ϩ pump, but [Ca 2ϩ ] i never fell below 100 nM even at low spike frequency (Ͼ3 spikes/s). Current injection (5-200 pA) into the soma of the model neuron resulted in the generation of action potential trains with varying frequency. Fig. 2 shows a train of action potentials (A) and the underlying currents of two spikes selected from this spike train (A and B). It was elicited by sustained injection of 30 pA into the neuron. During the first spike, [Ca 2ϩ ] i increased from 118 nM to 536 nM (C, solid line), which was insufficient to substantially activate the Ca 2ϩ -dependent K ϩ currents (E). Sustained spiking of the cell led to an increase of mean [Ca 2ϩ ] i (C, dashed line) because Ca 2ϩ influx through Ca 2ϩ channels could not be balanced by the activity of the Ca 2ϩ pump and buffering mechanisms. Thus, during ] i was initially very low. Spiking activity led to a rise in mean [Ca 2ϩ ] i that activated both I BK and I SK (G) in the later spike. I Kf , I Ca , and I Na were little affected.
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SK Channels Cause Spike Frequency Adaptationthe later spike both I BK and I SK were activated (G) causing a pronounced and long-lasting hyperpolarization (A and B).
Spiking behavior without SK conductance
To investigate the role of SK channels in spike frequency adaptation, we first tested the spiking behavior of a model neuron without SK conductance. Fig. 3 shows four trains of APs evoked by sustained injection of 10 -100 pA (A-D, left) as well as the respective traces for [Ca 2ϩ ] i (A-D, right) . The frequency of APs in each AP train decreased slightly with time and reached a steady state (A-C) unless Ͼ95 pA were injected (D). In the latter case, the repolarizing mechanisms of the cell were insufficient to counteract the excitatory current. Instead the system fell into a new stationary state in which the cell had a membrane potential of Ϫ37 mV.
Typically, g Na was the predominant conductance in this steady state.
Spiking activity caused transient increases of [Ca 2ϩ ] i of ϳ420 nM per spike, and sustained spiking caused an increase in mean [Ca 2ϩ ] i , i.e., the mean values of adjacent minima and maxima (see Fig. 3 , A-C, right column), with time. For input currents Ͼ15 pA, corresponding to asymptotic spike rates Ն9 s Ϫ1 , mean [Ca 2ϩ ] i increased approximately linearly with time (Fig. 3, B and C) . At input currents exceeding 95 pA, when the neuron had stopped firing and stayed depolarized at Ϫ37 mV, [Ca 2ϩ ] i increased linearly with time owing to the sustained voltage-dependent activation of the Ca 2ϩ conductance and the resulting Ca 2ϩ influx (Fig. 3 D) .
To test the input-output relationship of the neuron without SK conductance, both asymptotic spike rate r ϱ (deter- mined as the reciprocal of the time between the last two spikes at the end of the record) and the corresponding mean [Ca 2ϩ ] i were plotted as a function of the injected current (Fig. 4) . The input range was limited by the cessation of firing, which in this case occurred above 95 pA. Both asymptotic spike frequency and [Ca 2ϩ ] i increased monotonically with increasing input current. In the case of [Ca 2ϩ ] i , this relationship was linear (r 2 ϭ 0.9996). In a first approximation, the asymptotic spike frequency could also be considered to be an almost linear function of the input (r 2 ϭ 0.972), though it clearly shows a slight curvature.
SK conductance causes spike frequency adaptation and changes the transfer function
Having established the input-output relationship of a neuron with only the BK type of Ca 2ϩ -dependent K ϩ channels, we then analyzed the spiking properties of a neuron with an SK conductance (g SK,max ϭ 0.04 S/cm 2 ) (Fig. 5) . The model neuron with g SK responded to the same excitatory currents (10 -100 pA) with considerably lower spike frequencies than that without g SK (cf. Fig. 3 ). Moreover, it kept firing at 100 pA input current (C), an intensity that led to sustained depolarization in the neuron without g SK . The SK conductance enabled the neuron to cope with input currents as large as 200 pA. Another striking difference was that for all input currents tested the mean [Ca 2ϩ ] i reached a constant value rather than increasing linearly with time. The right column of Fig. 5 shows the SK currents corresponding to the spike trains shown in the left column. Clearly, I SK and g SK activate during each spike and contribute to the repolarization of action potentials. In addition, and likewise importantly, g SK increases to a steady state value between spikes similarly to [Ca 2ϩ ] i . The input-output relationship clearly demonstrates the effect of the SK conductance on the spiking properties (Fig.  6 ). Both asymptotic spike rate and asymptotic mean [Ca 2ϩ ] i could be described in good approximation as logarithmic functions of the input current (A and B). Plotting asymptotic mean [Ca 2ϩ ] i as a function of asymptotic spike rate revealed a virtually linear relationship with a small deviation at the smallest values of spike rate and [Ca 2ϩ ] i . This suggests the interesting point that the mean level of [Ca 2ϩ ] i reflects the spiking activity of the neuron. In other words, the neuron "knows" its spike rate even during interspike intervals.
So far, the maximum specific SK conductance g SK,max was held constant at 0.04 S/cm 2 . It was intriguing to see how spike frequency adaptation depended on this parameter. Fig. 7 shows the dependence of the initial (A) and the asymptotic (B) spike rate on the input current for different values of g SK,max , including the case of g SK,max ϭ 0 (uppermost curve, upright triangles). Expectedly, the value of g SK,max had little effect on the dependence of the initial spike rate on I stim , because the Ca 2ϩ increase brought about by the first spike was too small to significantly activate the SK conductance and prolong the first interspike interval. However, g SK,max had a marked effect on the dependence of the asymptotic spike frequency on the input current (Fig. 7  B) . On increasing g SK,max from 0 to 0.1 S/cm 2 , the slope of the asymptotic rate transfer function decreased remarkably. When g SK,max was raised to 0.01 S/cm 2 or more, the asymptotic spike rate increased progressively less as a function of I stim because of the massive negative feedback (short-circuit) exerted by the SK outward current on the input. In Fig.  7 C the degree of adaptation, i.e., the ratio between initial and asymptotic spike rate as a function of the input current, is shown for different maximum SK conductances. In general, the degree of adaptation had a sigmoidal dependence on the input and increased with increasing g SK,max . The SK conductance had one more effect on the input-output characteristics in that it increased the input range the neuron could deal with Fig. 7 D shows the maximum input currents to which the cell responded with regular spiking as a function of g SK,max . If higher input currents had been injected the neuron would have persisted in a depolarized state (Fig. 3  D) . Increasing g SK,max from 0 to 0.4 S/cm 2 increased the input range by a factor of 2.5. For comparison, the respective asymptotic spike rates at maximum current injection are depicted in Fig. 7 D, which again demonstrates the efficient down-regulation of spike frequency by g SK .
DISCUSSION
In this study we have modeled a standard Hodgkin-Huxley neuron with the voltage-gated conductances g Na , g Ks , and g Kf . In addition, we inserted a high-voltage-activated calcium conductance g Ca , modeled according to the GoldmanHodgkin-Katz mechanism, as well as a BK-type Ca 2ϩ -dependent potassium conductance g BK . In models of this size many parameters have to be determined, and most of them have never been measured within one neuron, so we took the parameters from different neurons as stated in the Methods section. However, the choice of parameters is less crucial than might be assumed. Within the range where spiking occurs, parameter variations influence the shape of single APs, but they do not change the output spike rate as a function of the input current. This is because the time constants of activation, deactivation, inactivation, and re-FIGURE 4 Steady-state spike frequency (r ϱ ) and respective mean [Ca 2ϩ ] i values as a function of the injected current in a model neuron with a BK-type Ca 2ϩ -dependent K ϩ conductance (g BK,max ϭ 0.1 S/cm 2 ). The spike frequency is in first approximation a linear function of the input current I stim ; mean [Ca 2ϩ ] i is a linear function of I stim .
moval of inactivation are all fast as compared to the relevant interspike intervals. The only system variable that is changed by action potentials for much longer a time than the voltage-dependent time constants is [Ca 2ϩ ] i . This has, however, no effect at the resting voltage because the only Ca 2ϩ -dependent conductance so far incorporated in the model (g BK ) is largely deactivated as a function of voltage. Taken together, the generation of a spike in the model lacking g SK does not, in a first approximation, depend on the history of the spike train. For the sake of clarity we have therefore not shown the effects of parameter variations on the spike shape.
As the decisive step in our model we introduced an SK-type Ca 2ϩ -dependent K ϩ conductance. g SK is activated by [Ca 2ϩ ] i and not by membrane voltage. This means that g SK is activated as long as [Ca 2ϩ ] i is increased and that the history of a spike train, in particular [Ca 2ϩ ] i and g SK , determine the membrane conductance at the onset of subsequent spikes. Because [Ca 2ϩ ] i as the leaky integral of Ca 2ϩ influx is produced by the cell's output, i.e., spikes, and because the action of [Ca 2ϩ ] i upon g SK subtracts the current I SK from the input current, the remainder being the current that drives the spiking generator, this g Ca -g SK system forms a negative feedback circuit as shown in Fig. 8 . This figure shows a schematic diagram of the model neuron together with the SK feedback circuitry. g Na , g Ks , g Kf , and g BK are depicted in the conventional way. The two transmembrane branches that are important for the feedback, i.e., g Ca and g SK , are shown on a larger scale. The operational amplifier OPA 1 measures the voltage drop u ICa over 1/g Ca , which is proportional to I Ca , and OPA 2 integrates u ICa with a time constant R load C Ca . The Ca 2ϩ buffering and extrusion mechanisms are lumped by making the integration of u ICa leaky ( leak ϭ R decay C Ca ). The leaky integration of the calcium influx leads to a voltage u [Ca] that is proportional to [Ca 2ϩ ] i . This voltage modulates g SK , thereby leading to a shortcircuit of the membrane that is controlled by Ca 2ϩ , and thus by the mean firing rate of the neuron.
Why does this negative feedback lead to an approximately logarithmic input-output relationship? While the underlying cellular mechanisms are as yet unknown, a tentative theoretical explanation can be given. In the range up to 10 M, [Ca 2ϩ ] i increases about linearly with the spike rate if g SK is zero. In the presence of g SK , the dose-response curve g SK ([Ca 2ϩ ] i ) has a sigmoidal shape (Leinders and Vijverberg, 1992; Köhler et al., 1996 ; Destexhe et al., FIGURE 7 The amount of the SK-type Ca 2ϩ -dependent K ϩ conductance determines both the degree of spike frequency adaptation and the extent of the input range. Initial spike rates (A) and asymptotic spike rates (B) are shown as functions of the input current for different conductances g SK,max inserted in the model neuron. Increasing the maximum SK conductance of the neuron had a small effect on the initial spike rate, whereas the asymptotic spike rate was dramatically reduced at high input currents. Increasing values for g SK,max made adaptation more efficient, as depicted in (C), where the degree of adaptation, i.e., the ratio between initial and asymptotic spike frequency, is shown as a function of the input current. (D) g SK,max also determined the maximum input current the neuron responded to with regular spiking because of down-regulation of the spike frequency (open symbols, left axis). Also shown are the maximum asymptotic spike rates as a function of g SK,max (closed symbols, right axis). The approximations made in this explanation may be justified, because physiologically it may not be crucially important whether the spike rate is a logarithmic function or a power function with exponent 0.5 of the input current I.
Taken together, the nonlinearity of the sigmoidal activation curve g SK ([Ca 2ϩ ] i ) is responsible for the logarithmic shape of the transfer functions. When the resting [Ca 2ϩ ] i is raised sufficiently by stimulation of the neuron, it reaches the concentration range where SK channels are activated, i.e., the left end of the dose-response curve (g SK ([Ca 2ϩ ] i )), which is highly nonlinear (Leinders and Vijverberg, 1992; Köhler et al., 1996) . In contrast, if the SK conductance depended in a linear way upon [Ca 2ϩ ] i , the feedback as well as the overall transfer function would be linear, too (Wang, 1998) .
Since the feedback mechanism essentially depends upon [Ca 2ϩ ] i , it is of interest to test its sensitivity to changes in parameters that affect [Ca 2ϩ ] i . We therefore varied the following parameters by two orders of magnitude while all others were held constant: Ca 2ϩ channel permeability, number of Ca 2ϩ pumps, Ca 2ϩ buffer concentration, and the K d of the Ca 2ϩ buffer. Transfer functions were determined in the absence and presence of g SK (not shown). Whenever spike activity shifted [Ca 2ϩ ] i in the neuron comprising g SK to the nonlinear range of the dose-response curve of the SK channel, adaptational behavior, the change from (quasi-)linear to logarithmic transfer functions as well as an increase of the input range were observed. These effects did not occur in two cases where the parameter constellation prevented the activity-dependent increase in [Ca 2ϩ ] i to significantly activate g SK . If, however, g SK was fully activated by only a few spikes, the strong negative feedback exerted by it could prevent the neuron from further spiking.
The logarithmic relationship between input and output of the neuron obviously means two things: 1) Every neuron has an upper limit of its firing frequency. The more expressed an SK conductance is, the larger the input current that drives the neuron to this limit. This allows a relatively large range of input current that a neuron can deal with. 2) However, the sensitivity of the neuron (⌬r/⌬I), being highest for small input currents, decreases with larger input currents. This corresponds exactly to the psychophysical mechanism known as Fechner's law.
The last point to be mentioned here has little to do with the neuronal transfer function. Fig. 6 C shows that the mean [Ca 2ϩ ] i is related in an unambiguous way to the output (spike rate) of the neuron. Indeed, a linear relationship between mean [Ca 2ϩ ] i and spike rate has recently been measured in dendrites of pyramidal neurons (Helmchen et al., 1996) . These cells were driven by repetitive current injection and the mean [Ca 2ϩ ] i reached a steady state after 0.5-1 s of regular (driven) spiking. This steady state would thus correspond to the adapted state of our model neuron. The linear relationship between mean [Ca 2ϩ ] i and spike rate is an interesting point because it means that the neuron has a system variable, i.e., the mean [Ca 2ϩ ] i , that conveys information on the neuronal activity even during the interspike intervals. The time scale of cellular activity is thereby extended from that of single spikes to that of the decay constant of [Ca 2ϩ ] i and processes that are initiated in an FIGURE 8 Equivalent circuit of the model neuron comprising the conductances g Na , g Ca , g Ks , g Kf , g BK , and g SK ; u i : Nernst potentials for ion species i. I Ca is transformed to a voltage u Ca which is then (leaky) integrated to give u [Ca] , which is proportional to [Ca 2ϩ ] i . u [Ca] controls the SK conductance and thereby exerts a feedback inhibition.
activity-dependent way may depend directly on the mean [Ca 2ϩ ] i . Evidence for [Ca 2ϩ ] i -controlled gene expression has in fact been reported (Roche and Prentki, 1994) .
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